Abstract -The most recent release of photonuclear interaction data for Monte Carlo applications is the ENDF/B-VII library. While this current version offers several improvements over its predecessors, it does not address the observed, sometimes quite significant variance in the measured data. For instance, for 238 U, the cross-section data in the ENDF/B-VII library is consistently larger than all measurements except for those by Caldwell, et al., occasionally by as much as 20%. The objective of the work performed here was to investigate the sensitivity of photoneutron production to perturbations in photonuclear cross-section data. The effect of these perturbations on experimental observables in a common setup was assessed using the MCNPX/MCNP-PoliMi code system. Since the standard MCNPX perturbation routines are not available for photonuclear reactions, a new methodology to evaluate the sensitivity of commonlymeasured parameters to perturbations in photonuclear cross-section data was developed and implemented. The results of the analysis show that the maximum variance applied to the cross section (20%) results in an integral detector response change that in general varies between 4%
between various measurements of the (γ, n), and (γ, 2n) cross-section data [1, 2] . The most recent release of photonuclear interaction data is the ENDF/B-VII library, shown in Figure 1 , offers several improvements over its predecessors, but it does not address the observed, sometimes quite significant variance in the measured data. For example, the 238 U, the cross-section data in the ENDF/B-VII library is consistently larger than all measurements except for those by Caldwell, et al. [3] , occasionally by as much as 20%. The objective of the work performed here was to investigate the sensitivity of photoneutron production to perturbations in photonuclear cross-section data and to estimate the uncertainty in the simulation of typical experiments introduced by the uncertainty in the photoneutron cross section data. The proposed methodology is applied to a depleted uranium (DU) target. However, it can be easily extended to other target materials.
II. SIMULATION METHODOLOGY
The MCNPX/MCNP-PoliMi code was used for this analysis in order to obtain the most accurate simulation of the detector response. MCNP-PoliMi version 1.2.4 is capable of running with all standard MCNP source types and includes several specific spontaneous-fission-source definitions (i.e., 252 Cf, 240 Pu, 242 Pu, 242 Cm, 244 Cm), as well as
Am-Li and Am-Be isotopic sources. In addition, a photonuclear source file may be generated using a modified version of MCNPX and read by MCNP-PoliMi [4] .
II.A Description of Perturbation Techniques
The standard MCNPX perturbation routines are not available for photonuclear reactions [5] . Therefore, a new methodology has been developed and implemented that utilizes the modular nature of the MCNPX/MCNP-PoliMi code system. Figure 2 illustrates the calculation flow of a MCNP-PoliMi simulation with a photonuclear source.
A modified version of MCNPX is used to transport the source photons to the target. The results of all photonuclear reactions that occur in the target are written to a "photonuclear reaction source file." The contents of this file include the energy of the interacting photon, the target isotope, the reaction type, and its geometric location. In the case of (γ, xn) reaction the reaction products, and their energy, are also written to the file. In the case of (γ, fission), the reaction products are not written to the file. Instead, only the Q-value is recorded; MCNP-PoliMi generates the fission neutrons and gamma rays-along with number, energy and direction-using full, or correct, multiplicity distributions.
The reaction source file is read by MCNP-PoliMi which then transports the products of each source event through geometry. The energy released during each collision in the detectors, the corresponding time, the incident particle type, and the target nucleus are saved in a "collision output file." A post-processing code is then used to load the required data from this file and compute the detector-specific response. In order to apply the desired perturbations, an external calculation is performed after the initial MCNPX simulation. More precisely, the source bremsstrahlung spectrum is integrated with the perturbed photonuclear cross sections to calculate the resulting reaction rates. This integration is performed using a Monte Carlo technique in order to preserve the spatial effect of the finite target dimensions. The integration routine is written in the MATLAB program language.
1. The full photonuclear cross-section set is loaded and the data are perturbed by the desired amount.
2. At the start of each history the initial photon energy is sampled from a bremsstrahlung spectrum.
3. The partial, and total, photonuclear cross sections are computed at the photon energy.
4. The photonuclear-interaction distance is sampled.
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. If the photonuclear-interaction distance is less than the target thickness, the photon interacts.
6. The interaction type is sampled from the partial cross sections.
7. The appropriate number of neutrons is generated and banked.
In the case of fission induced by a photon of energy E γ , the average number of neutrons emitted is computed from the following empirical relationship [6] :
This process is repeated for the desired number of histories. Afterwards the number and type of all reactions that occur is tallied along with the corresponding statistical error. A perturbed photonuclear reaction source file is constructed using the partial reaction rates.
The unperturbed (base-case) file is divided into three separate files each containing all of the data for each reaction type; the perturbed file is written using the data from these individual files. The number of reaction entries to be written in the perturbed file is computed from the relative number of reactions in the perturbed case relative to the base case. For each reaction entry to be written, a random number is sampled and compared to the partial reaction rates; this determines from which partial data file each entry is read and written to the perturbed source file.
II.B Description of the MCNP-PoliMi Model
The perturbed photonuclear source files were loaded by MCNP-PoliMi to tally the desired observables (number of neutrons crossing the detector face, average energy, and detector response). Sources of 10, 15, and 20-MeV-bremsstrahlung photons were simulated with a DU target placed 2 m from a 50-by-50-cm, lead-shielded liquid scintillation detector. This system, shown in Figure 3 , is representative of current active interrogation systems currently under investigation for nonproliferation and homeland security applications. 
III. PERTURBATION RESULTS
Photoneutron production was analyzed under (γ, n) and (γ, 2n) cross-section perturbations of -0.05, -0.10, -0.15 and -0.20 (the (γ, f ) cross section was held constant)
for 10, 15 and 20-MeV bremsstrahlung photon sources. These specific perturbations were chosen because the photofission experimental results in the literature agree very well with one another while the (γ, n) and (γ, 2n) results differ by as much as 20% [1, 2] . ...
III.A Calculation of Errors
where u(x, y, z, …) is computed from the quantities x, y, z, … and σ i is the associated error. For the applications of interest, addition and multiplication are the two operations of primary concern. For addition or subtraction of two quantities, x and y, Eq. 2 reduces to,
For multiplication or division of two quantities, x and y, Eq. 2 reduces to,
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The statistical errors associated with each Monte Carlo tallied quantity were propagated using these relationships. For example, the fraction of (γ, n) reactions is equal to the total number of (γ, n) reactions tallied divided by the total number of reactions tallied. Each of these tallied quantities has a statistical error that is propagated using Eq. 4. Tables 1 through 3 Table 1 . Photoneutron production from a 10-MeV beam following perturbations of the (γ, n) and (γ, 2n) cross sections; the relative difference to the base case is also shown.
III.B Photoneutron Production Results
n > 0.7654 0.0000 0.2346 9.276E-04 1.366E-03 1.137E+00 2.932E-06 9.514E-01 0.00 Table 2 . Photoneutron production from a 15-MeV beam following perturbations of the (γ, n) and (γ, 2n) cross sections; the relative difference to the base case is also shown. Table 3 . Photoneutron production from a 20-MeV beam following perturbations of the (γ, n) and (γ, 2n) cross sections; the relative difference to the base case is also shown. Table 4 . Relative errors (1-σ) of photoneutron production from a 10-MeV beam following perturbations of the (γ, n) and (γ, 2n) cross sections; mean values are listed in Table 1 . Table 2 . Table 3 . The results show that the fraction of (γ, 2n) and (γ, f ) reactions increases for each (γ, n) perturbation: this is a direct result of the (γ, n) cross section decrease. Figure 4 shows the normalized reaction cross sections to illustrate this. As expected, the total number of reactions decreases as a result of the decrease in total cross section.
The number of neutrons crossing the face of the detector is less than the number of neutrons emitted from the target by a constant factor equal to the solid angle subtended by the detector face. The average energy of the neutrons crossing the detector face is reduced from those emitted from the target by a constant factor proportional to the attenuation in the lead shielding. For the 20-MeV extreme case, a perturbation of -20% to both cross sections, the average number of reactions is reduced by about 14% which results in only a 7% decrease in the number of neutrons crossing the detector face. The average number of neutrons emitted per reaction, however, increases. This is expected because (γ, 2n) and (γ, f ) reactions occur instead of (γ, n) reactions. The larger number of fission neutrons results in only a slight increase, approximately 3.5%, in the average neutron energy.
For the 10-MeV case, the entire photon spectrum is below the threshold of a (γ, 2n)
reaction (E th = 11.28 MeV), therefore, perturbations to the (γ, 2n) cross section should have no effect on the results. However, Table 1 shows some slight variation in the observable quantities. These fluctuations are outside of the 1-σ errors listed in Table 4 and can be attributed to statistical uncertainty in the Monte Carlo calculations. The photoneutron production sensitivity may be computed by dividing the change in the number of neutrons produced by the magnitude of the cross-section perturbation. For simplicity, the photoneutron production sensitivity is computed with respect to individual changes in the (γ, n) and (γ, 2n) cross sections:
The sensitivities S 1 and S 2 were computed for each cross-section perturbation for each beam energy. value for all beam energies, i.e., the neutron production is more sensitive to changes the (γ, n) cross section than to changes in the (γ, 2n) cross section. Also, for smaller perturbations (-0.05 and -0.10), both sensitivity values are generally inside of 1-σ. For larger perturbations, the sensitivity lies outside of 1-σ. As expected, the 10-MeV beam is largely insensitive to changes in the (γ, 2n) cross section. Table 7 . Photoneutron production sensitivity with respect to perturbations in the (γ, n) reaction cross section (S 1 ); the 1-σ relative error is also shown. 
III.C Detector Response Results
The MCNP-PoliMi detection post-processor was used to predict the time-of-flight spectrum recorded by the 50-by-50-cm 2 liquid scintillation detector. The post-processing code uses the energy deposited in each particle collision (recorded by MCNP-PoliMi) and converts it into light produced by the scintillator. The total light generated by each particle track is computed and compared to a user-defined detection threshold. If the total light created during the pulse generation time is greater than the threshold, one count is recorded at a specific time. The time difference between consecutive counts is compared to the deadtime defined by the user. A detection threshold of 0.0793 MeVee was applied in these simulations (this corresponds to the amount of light generated by a 500-keV neutron). The deadtime was set to 80 ns. In order to make a bulk comparison of each perturbation case, the neutron counts were integrated from 25 to 250 ns. This integration range was held constant for all perturbation cases and for all beam energies. Tables 9 through 11 list these results for This is due to the large number of (γ, n) reactions that occur at this energy. The also results further illustrate those in Tables 9 through 11 : the 10-MeV spectrum is more sensitive to the cross-section changes than the 20-MeV spectrum. 
IV. DISCUSSION AND CONCLUSIONS
The sensitivity of the photoneutron production in DU to perturbations in the (γ, n) and (γ, 2n) cross sections has been investigated using the MCNPX/MCNP-PoliMi code system. A new methodology has been developed that utilizes the modular nature of this code system to overcome the fact that MCNPX does have available sensitivity routines for photonuclear reactions. Thus an external calculation was performed for each crosssection perturbation to determine the change in the photonuclear source and MCNPPoliMi was used to propagate this perturbed photonuclear source file into the system response. This yields a fast and efficient method for analyzing the sensitivity of detector response to photonuclear cross section perturbations.
The results indicate that the photoneutron production from a bremsstrahlung photon source is only mildly sensitive to perturbations in the (γ, n) and (γ, 2n) cross sections. For the most extreme perturbations studied here, namely a -0.20 perturbation to both cross sections, the number of neutrons produced in the target decreased by 7-9% for 10, 15 and 20-MeV bremsstrahlung beams respectively. The average energy of the neutrons produced in all of these cases increased by approximately 3-4% due to the increase in the number of fission reactions. The combination of these two effects leads to an integral detector response change of only 4-8%.
These results apply only to the exact source-target configuration considered here.
However, the methodology is general and may be readily applied to any source-target configuration. This has direct implications on the design of active interrogation systems for nuclear nonproliferation and homeland security applications as well as to any other applications using photonuclear cross-section data. For this particular system, the uncertainty in the simulation is on the order of 10% if the uncertainty in the cross-section data is no greater than 20%.
